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DEVELOPMENT OF THERMAL I CE -PRE VENT I ON EQUIPMENT 
FOR THE 3-24B AIRPLANE 
By Alan R. Jones and Lewis A. Ro&ert 



SUMMARY 



A thermal i c e -p r e v 3 nt i on system for the E-24D air- 
plane has "been developed at the Ames Aeronautical Labora- 
tory of the National Advisory Committee for Aeronautics 
in cooperation with the Materiel Center of the Army Air 
Forces and the Consolidated Aircraft Company. The subject 
report includes a description of the design and an out- 
line of the method of design analysis- Results of per- 
formance tests of the installation are to he presented in 
a supplementary report . 

The thermal i ce -prevent i on system is based upon rais- 
ing the temperature of the surfaces to be protected from 
ice formations by subjecting the inner face of the surface 
to a stream of heated air- The sources of heated air are 
four exhaust gas-air heat exchangers, one on each engine. 
A double-skin type of construction was employed ffj? the 
wings and tail surfaces, and double-pane construction for 
the windshields. The heated air is caused to circulate 
by the dynamic pressure of the air stream. 

. A design analysis is presented in a general form, as 
a possible outline for future computations, and is illus- 
trated with sample calculations from the 3-24D airplane 
analyst s . 

INTRODUCTION 



In cooperation with the Materiel Center of the Army 
Air Forces, the Consolidated Aircraft Company, and sev- 
eral equipment manufacturing companies, the Ames Aeronau- 
tical Laboratory has designed, installed, and tested in 
flight thermal ice-prevention equipment on the B-34D air- 
Diane. The work was undertaken at the request ©f the 
Materiel Center in order to relieve the aviation industry 
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of some of the design and development work which is re- 
quired in the introduction and application of the thermal 
method of ice prevention. It was desired that the equip- 
ment "be developed so that production could "be undertaken 
at once by the airplane manufacturer. Attention, there- 
fore, was given in the design to service , weight, produc- 
tion possibilities, and other such features. Mr, Howard 
F. Schmidt, Consolidated Aircraft Company representative 
at AAL for this project, contributed materially in the de- 
velopment . 

The rapidity with which the project was. undertaken 
and completed was due to the interest and cooperation 
given by all of the interested agencies. 

DESCRIPTION ■ Or THE I CE-PREV3HT I ON EQUIPMENT 



The B-24D airplane is shown in figure 1. The airplane 
is a high-wing, t r i cy clo-gear , heavy bomber powered by four 
Pratt & Whitney S3C4G engines, r a ted at 1100 horsepower. An 
exhaust-gas-driven engine supercharger is located in each 
nacelle* 

The general layout ©f the heated-air anti-icing system 
designed for the B-24D airplane is shown in figure 2. 
Eeated air is obtained from aar exhaust gas-air heat ex- 
changer in each nacelle. After passing through the ex- 
changer, the air is directed to the various regions to he 
heated "by a system of thin-wall ducts. The dynamic pres- 
sure of the air stream augmented "by the propeller provides 
the source of energy for the circulation of the heated air. 

The design of the thermal ice-prevent icn equipment 
for the wing outer-panel leading edge (stations 335 to 
626. fig. 2) is shown in figure 3. A spanwise duct is 
formed in the wing structure "by placing a "baffle at 4.5 
Dercont of the wing chord, and the heated air from the 
outboard heat exchanger $ is carried to this spanwise duct 
by the four-branch pipe system shown in figure 2. The 
corrugated inner skin and the outer skin form a series of 
chordwise passages for the heated air. ' The air enters the 
passages through a gap in the corrugations at the wing 
leading edge and flows along the top and bottom inner sur- 
faces of the outer skin to the termination of the corru- 
gations at the front spar (fig. 4 ) , A series of reinforced 
holes in the front and rear spar web? allows the air to 
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pass through the wing interior and out into the aileron 
plot region. The outer panel leading edge, ready for in- 
stallation on the airplane, is shown in figure 5. 

At the wing tip (fig. 6) the air, after having passed 
through the leading-edge system of the wing outer panel, 
is allowed to pass into the forward portion of the tip and 
is then made to flow between the outer and inner skins. 
All of the wing-tip heated air leaves the wing on the up- 
per surface, in front of the navigation light . 

The thermal i c c-pr eve nt i on equipment design for the 
wing inboard-panel leading edge (stations 164 to 275) is 
shown in figure 7. A psrtien of the heated air at each 
inboard exchanger outlet is diverted to the inboar d-panel 
leading edge, as shown in figure 2. The air enters a 
triangular-section spanwise duct located at the front-spar 
lower flange, which runs the entire length of the inboard 
panel o The air is allowed to enter the chordwise passages, 
formed "between the outer skin and an inner corrugated skin 
which is continuous around the leading edge", through a 
small gap at the "bottom of the triangular duct. The corru- 
gation passages are sealed at their upper ends and the air 
passes into the outside "boundary layer through l/2-inch- 
diaineter holes in the outer skin. Circulation of the heat- 
ed air inside the wing is normally desirable, but was net 
feasible in the case of the inboard panel because of the 
wheel-well cut-out in the lower skin. The inboard-panel 
leading edge during installation on the airplane is shown 
in figure 8 , 

In addition to supplying the inborrd wing panels, the 
inboard heat exchangers r>lso furnish air for the empennage 
group and windshields. The duct system in the wings and 
fuselage is shown in figure 2. 

The thermal i ce-pr event i ©n equipment design for the 
empennage group is shown in figure 9. The heated air is 
pnssed through a 4-inch-diamet er tube mounted spanwise in 
the stabilizer leading edge. (See fig. 10.) A small slot 
was cut in the duct between stabilizer ribs and the thin 
duct wall bent inward to form a scoop as shown in the slob 
detail of figure 9. A second skin was attached around the 
stabilizer leading edge, extending 12 inches from the lead- 
ing edge on the top and bottom surfaces. Chordwise spacers 
were employed to maintain a. constant gap of about 0.051 
inch between the two leading-edge skins. All lightening 
holes in the front spar were sealed with metal plates. A 
portion of the heated air in the spanwise supply duct passes 
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through the scoop slots in the duct, through holes^in the 
lending edge of tho inner skin, "between tho two skins in a 
chordwise direction, and over the upper and lower surfaces 
of the stabilizer behind the front spar. The quantity of 
heated air remaining in the supply duct is discharged from 
the duct at the stabilizer tip and passes through holes in 
the inboard skin of the fin into the fin plenum chamber. 

The fin plenum chamber is a sealed region, formed by 
placing baffles between tho webs of the fin ribs, and pro- 
vides a practical method for passing the heated air from 
the stabilizer to the fin. The plenum chamber is shown 
in figure 11. The fin thermal ice-prevention equipment 
design is similar to that of the stabilizer. A second 
skin was wrapped around the leading edge to a distance of 
9 inches from the leading edge, and spacers were employed 
to provide a constant gap between skins of 0.0625 inch. 
Two 3-inch flexible ducts with outlets at the ends only 
wore fastened to the plenum chamber to direct the air to 
the top and bottom #f the fin. Lightening holes in the 
front spar and the two end ribs (see fig. 9} were sealed 
in order to retain all of the heated air in the loading- 
edge region and force it through the double-skin gap. The 
empennage group, revised for thermal ice-prevention and 
installed on the airplane, is shown in figure 12. 

The thermal i ce-vr event i on ' equipment for the wind- 
shields is shown in figure 1?. Protection is provided for 
both the pilot's and the copilot's windshields, and the 
heated-air-supply ducting is shown in figure 2. The wind- 
shield design consists of an inner Ploxiglas panel, read- 
ily removable in flight and spaced uniformly 1/8 inch^frem 
the outer panel, and an entrance and exit header for the 
heated air. The heated air flows spanwise across the 
windshield, from the inboard edge outward, and exhausts 
from the exit header to tho outside air stream through 
slots cut into tho forward edge of the side window. 

The exhaust gas-air heat exchangers were designed 
around an existing portion of the exhaust-gas tail-stack 
located on the bottom of each nacelle between the collec- 
tor ring and the t urb o super char ger . Several heat exchang- 
ers of the extended surface type (having pins or fins pro- 
truding into both the exhaust-gas and heated-air regions) 
have boon tested on tho airplane, Figure 16 shews one of 
tho typos tested. 

In addition to the finned tube, the heat exchanger 
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consists of an aluminum intake scoop (opening, 3 "by 5 
in.), a stainless- steel shroud around the finned region, 
and an outlet manifold. The outlet of each inboard heat 
exchanger includes a right-angle "bypass, with a butterfly 
valve, for the purpose of supplying and controlling heated 
air to the wing inboard panels. One of the heat exchang- 
ers is shown installed in the airplane in figure 17, 

Control of the thermal ice-prevention system was ac- 
complished "by locating an electric mo t or- oper at ed dump 
valve in each nacelle near the heat-exchanger outlet, 
(Soo fig, 18.) The operating mechanisms for the inboard 
dump valves were extended to include the butterfly valves 
in the inboard-panel supply ducts- The controls .for each 
nacelle are independent; they are located within reach of 
the copilot and are connected in such a manner that the 
dump valves are always either fully open or fully closed. 
The distribution of heated air in the wing outer-panel 
supply ducts can be varied by moans of three butterfly 
valves in each wing, located in the three inboard (sta- 
tions 368, 450, *nd 515) heated-air supply ducts near the 
front spar. These valves are adjustable when the airplane 
is on the ground. The quantity of air directed to the 
windshields is controlled "by a butterfly valve in the sin- 
gle supply line running forward in the fuselage. This 
valvo is normally in a fixed position, but it' is accessi- 
ble to crew members. There are no valves in the empennage 
heated-air supply lines other than the inboard-nacelle 
dump valves . 

DESI01T ANALYSIS FOE THERMAL I C3-PRE VJ5ITT I 01T IS QUIP MEN! 



A design analysis of the thermal i ce -pr event i c n equip- 
ment was propared to establish the dimensions of the heated 
air passages and ducts required to produce the desired tem- 
perature f - air-flow distributions, and pressure drops. The 
general procedure followed in the analysis is outlined in 
the following Pages, with the various steps numbered* A 
brief discussion of the pertinent data associated with each 
step is presented, and actual computations from the B-24D 
airplane calculations are presented as examples. 

The following notation was used in the analysis: 

A cross— sectional area, square feet 

S surface area, square foot 
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total heat flow, Btu per hour 



q. 



unit heat flsw, Btu per hour por unit length of span 



h 



surface heat-transfer coefficient, Btu per hour, 



t 



square f eet , °F 
temperature, °F 
temperature, °F absolute 



W 



weight rate of air flow, pounds per hour 



w 



unit weight rate of air flow, pounds per hour per unit 
length of span 



c 



p 



specific heat §f air, Btu per pound, 




absolute viscosity of air, pounds per second, 



feet 



k thermal conductivity of air, Btu per hour, square 
feet , °F per foot 

& weight rate of air flow per unit of cross-section?! 
area, pounds per second, square feet 

P static pressure, pounds per square foot 

d thickness of gap between surfaces, feet 

N length of air passage or duct, feet 

m hydraulic radius, or ratio of cross-sect ionil area 
to wetted perimeter in a duct, feet 

D e equivalent diameter of a duct, eoual to 4m, feet 

v specific volume, cuhic feet per pound 

H gas constant (53.3 for air) 

g acceleration of gravity, feet per second 

f friction coefficient for air flow in ducts 

s distance as measured around wing leading edge, feet 

V airplane indicated airspeed, miles per hour 

c chord, feet 
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Sub scr ipt 3 ; 

av refers to average conditions 

i, a , 3, etc. are employed to define surfaces or air 

spaces and used as subscripts to indicate temper- 
ature differences, heat flew, and heat-transfer 
coefficients. Thus the heat-transfer coefficient 
between a given surface (6) and adjacent air ( 2) 
wculd "be written h 6 _ s * 

A few symbols used in the analysis are not presented 
in the notation because they do not. appear throughout the 
calculations and because their meaning is much clearer if 
defined at the place of their use. 

The analysis was based on an assumed airplane indicat- 
ed airspeed of 150 miles per hour at 18,000-feet pressure 
altitude . 

S b e ~p 1 , Assu mption of free-a ir t e nrperatur e . - Most 

cases of aircraft icing occur between the temperatures ef 
0° and 32° F. For the 3-24D airplane analysis the value 
of 0° F was assumed. 

Step 2„ Assump tion of av e rage temperature at whi ch 
the heat ed surface is to be mainta i ned ,- According to ref- 
erence 2, paragraph D-6b, the temperature rise ever the 
forward 25 percent of the wing chord must be at least 70° F 
above ambient air, and the rise between 25 and 75 percent 
of the ehsrd must bo at least 20° F above ambient air* Di- 
rect heating of the leading edge for 25 percent cf the 
chord is difficult to obtain in certain designs, and in 
such cases the assumption is made that by heating directly 
a smaller portion of the leading oc?ge (say 10 to 15 per- 
cent) to a temperature rise of 100° F (instead of 70° F ) 
and then discharging the heated air to the remainder of 
the wing, the specifications of reference 2 can be satis- 
fied. The Lockheed 1 2A of reference 1 is an example of 
this compromise in design which has proved capable of 
providing ice prevention. Direct heating was provided 
for the forward 12 percent of the wing, raising the wing 
temperature approximately 100° F, and the heated air was 
discharged from the leading-edge region and circulated 
through the remainder of the wing. 

Direct heating of the 3-24D airplane wing was limited 
to the forward 10 percent because the location of the front 
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spar at that point prohibited further extension of the 
corrugated inner skin. The corrugated region of the shin 
was subject to thermal analytical treatment. The heated- 
wing design was bssed upon a 100° F temperature rise over 
the forward 10-per cent-chord region and an indeterminate 
temperature rise over the remainder of the wing, A tem- 
perature rise of the wing after-portion will occur because 
of the heated "boundary layer, and the discharge air from 
the leading-edge system. In the case of the wing outer 
panel, the heated air was discharged through the front spar 
p,nd circulated in the wing interior, similnr to the Lock- 
heed ISA airplane design. For the inboard panel, however, 
the heated air could not he circulated in the wing interi- 
or, The heated air was therefore released to the "boundary 
layer on the upper surface and carried hack over the wing. 
The stabilizer and the fin were treated in a manner simi- 
lar to the wing inboard panel, with the exception that the 
heated air was discharged over both surfaces of the air- 
foil sections. The double-skin system for the empennage 
was dictated by the simplicity of the revisions required 
on the existing empennage, and the desirability of produc- 
ing a suction at the heated-air exit to aid the heated- 
air flew. The horizontal stabilizer leading-edge skin 
temperature was raised 90° P, and the fin leading-edge 
skin temperature was raised 70° F in the design. This 
heating ©f the empennage surfaces should be adequate be- 
cause the discharged air from the leading-edge system is 
effectively distributed over both sides of the airfoil. 

Step 3. Calcul ati on of t he heat-transfe r coe ff iciontL 
b etween the wi ng surfac e and the _ambierit air . - With the 
temperature difference between the wing skin and the ambi- 
ent air established, the quantity of heat removed from the 
wing skin depends upon the outer-surface heat -transfer 
coefficient. The coefficient can be calculated frcm the 
data in reference 3, although this method involves some 
error because of the lew Reynolds number at which the tests 
were made. Another method of determining the heat-transfer 
coefficient, based upon the relatien between heat transfer 
and viscous drag, is presented in reference 4. ?or the 
B- 24D airplane analysis, the data in reference 3 were em- 
ployed by extrapolating in the equation 



where the first prime refers to values from reference 3, 
the second prime to values for the B-24D analysis, and n 




(i) 
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is a constant dependent up an the portion- of the wing chord 
under consideration and the angle of attack of the airfoil. 
The effect of changes in altitude upon the value of the 
heat-transfer coefficient (h) has "been conservatively 
neglected in the derivation of equation (1) • In the case 
of the B-24D wing outer' panel , the design analysis was 
"based upon supplying enough heat to the wing forward of the 
front spar to produce the 100° F.rise of step 2. The value 
of n for equation ( 1 ),' there for e , wa s obtained from table 
I, reference 3. corresponding to the forward section of an 
airfoil at approximately 2° angle of attack. The design 
indicated airspeed (V ,f fc 150 mph) and the various values 
of . out or-T)knel chord (c M ) were substituted in equation 
(l) to produce the values of h plotted in figure 19. 
The subscripts employed '■ in figure v 19 are used in the manner 
explained under Not at ion ' and refer to the regions and sur- 
faces shown in section A-A, figure 20. 

8 1 ep 4 . _ C alcul a, tie n of th e t o tal heat flow from _ the. 
critical design surface- In order to estimate the quantity 
of heat that must he supplied to the thermal i ce-nr event i on 
system* to produce the required temperature rise, the total 
heat flow from the design critical surface must he calculat 
ed "by equat ion 

. . .. , Q 6 _ 7 * (h 6 _ 7 ) av S(t 6 _ ? ) av (2) 

(See equation (l), p. 136, reference 5.) For the B-24D 
airplane-wing outer "Oanel, the design surface was the en- 
tire outer-panel surface forward of the front spar. The 
distance around the- wing leading edge from top to "bottom 
of the frent spar is shown in figure 19, and the average 
value for the outer panel multiplied by the panel sp^n re- 
sulted in a surface area of 45.3 square foot. From fig- 
ure 19, h aV for the outer panel = 13 Btu per hour, square 

feet, °F. Then 

Q, 6 _ 7 = 13 x 45.3 x 100 = 59,000 Btu per hour 

St ep' 5. Estima tion of- t he amount _ of heat tha t shou Id 
ho ava il abl e, in the hoatcd air to insure the neces sary 
hea t flow to the surfac e.^ The quantity of heat that must 
he supplied to the design surface is taken tc he from two 
to four times the heat flew from that surface, depending 
upon the amount of heating the air is expected to deliver 
after leaving the leading-edge region. In the B-24D outer 



10 



panel the total heat to he supplied to the leading-edge 
region was assumed to he 200,000 Btu per hour. 

Step 6^ ' Aflamnttifr tt of a t emueratuie ,_Q^^r_the 
h egt?e4 alyin nasaing threnffh the hint ' erehaftger V- The **- 
«ign temperature rise through the heat exchanger is usually 
determined hy the -maximum temperature. allowable fcr ^hcj 
heat exchanger and heated-air-duct mater ial s and possible 
effects of -elevated temperatures on the airplane primary 
structure.' A heated-air temperature of .300 f at the ex- 
changer outlet was considered' to he a reasonable and safe 
design value . f 0 r the B-24D airplane. 

Stor> 7. Oal cul at jLS^_^ Jj-he_~E&i- 0 g e 1 - ?h t 0 f * 1 i~Slm 
r gJl u ir_e_d . - The quantity of air that must pass through the 
heat exchanger in a given time, with a temperature rise 
established hy step 5 in order to produce the available 
heating of. step 5, is determined by 



W ■ 



c p At 



(3) 



where At is the heated-air temperature rise in jf'. For 
the B-24D outboard heat exchangers using the value of c p 
from figure 31, . . 

' Ml _ 200£00 — = 2730 pounds per hour 

0.24 x 3 00 

Sten 8. Design of th o^h,eat_ed__ai r. passages . - The.de- 

sign procedure employed was to divide the wing. surface 
into unit strips running chordwise and consider the heat 
flow for a sufficient number of strips to define the wing 
heating. The width cf the division strips for the outer 
wing panel was taken as 1 inch, or the spanwise distance 
covered by a single corrugation. 

Step 9. Ap-plieatl^ at ste ft ft P.. 3. and 4 tol jh&lTH - 
ual chordwise.str jj,s The heat flow from the outer- sur- 
face area of each strip considered is determined by appli- 
cation of steps 2, 3, and- 4 in the same manner as employed 
to determine .the total heat fl-ov from the total, critical 
surface. The single corrugation strip at the inboard edge 
of the outer wing panel (station 335) will serve as an ex- 
ample. The heat flow from the outer surface, 
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h 6 _ 7 t 6 _ 7 n ^ 



s 

£2 



(4) 



h 6-7 



S = 



6- 7 



11.6 3tu per hour, square feet, °T (fig. 19) 
2.45 feet (fig. 19) 



=: 10CT I 



(step 2) 
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11,6 x 1GO x = 237 Btu per hour 

12 



Step 1 0. A ssumption of wo i ght distr 
air.- The distribution of the heated air 
passages is determined "by trial and error 
"being given to such factors as the larger 
ment at the wing root, the increas-ed surf 
ficient at the wing tip, and the pressure 
ducts and passages. The final weight dis 
proved satisfactory in the airplane analy 
the air to the corrugations in quantities 
tion.pl to the square root of the distance 
ing edge, or 



ihut ion of heat ed 

to the various ai 
, consideration 

heating require- 
ace transfer coef 

drop in the air 
t r i hut i on whi ch 
sis was to supply 

inversely propor 

pround the lead- 



w = w 



av 



s 



(5) 



Thc.B-24D n irplanc-ving outer panel has 291 corruga- 
tion g; therefore. the value of w . at station 335, 



w = 



2730 
2 x 291 



1 R 7 

A * i =4.1 pounds por hour 
2.45 



Step 11 . - Ca lc ula tion of the t empe ra tur e d rop of the 
hea ted air in the ch or dwise passages .- The quantity of air 
flowing in each passage and the heat removed frcm the air 
having "been established, the temperature drop of the heat 
ed air can he calculated "by applying an adaptation of equa 
tion (3). For the corrugation at station 335, 



- t. 



237 



2 Cp w 



2 x 0 . 24 x 4 . 1 



= 118° 1 



St ep 12. Design of t he heated air passage t o produce 

the re qu ired heat fl ow,- The remaining step is to vary the 
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Reynolds number of the heated air "by changing the air-pas- 
sage dimensions until a lioat - 1 ran sf er coefficient for the 
Inside of the passage is produced which will supply the 
necessary heat to the outer skin, with the average tempera- 
ture of the air in the passage determined from step 11, 
The Reynolds number for the flow of the heated air is ex- 
pressed! 

He = " ■ y (See pp. 99 and 23 5, reference 5.) 

Lb 

The heat-transfer coefficient for the innor surface 
of the passage is determined from empirical data showing 
the variation of the Nusselt number with Reynolds number 
wfa ere the ' Nusselt numb e r 

Nu = ft - ? (See p. 96, reference 5.) 

Empirical data which have proven satisfactory in de- 
termining the air-passage hea t - 1 ran's f er coefficient are. 
•presented in figure 65, reference 5, and the recommended 
curve AA from the figure has boon reproduced in figure 22. 
Tho data determining the curve A A in figure 22 are direct- 
ly concerned with fluid flow in circular ducts, but expe- 
rience has shown that reasona.bly accurate calculations 
for ducts of noncircular cross section can be based upon 
the curve AA , provided the departure from a circular cross 
section is not too severe. In. designs where the air pas- 
sage consists of two parallel plates, such as the empennage 
and windshield design for the present airplane, the e-mpir- 
ical data presented in figure 7 of reference 6 and repro- 
duced in figure 22 are recommended. These data are plot- 
ted on the basis of the gap width d as the equivalent 
diameter D Qi and their comparison in figure 22 with the 
recommended curve AA from reference 5 reveals the error 
•that can be introduced by applying curve AA to air pas- 
sages of noncircular section. 

In the case of the B-242 airplane wings, the hoat- 
transfer coefficient inside the corrugation air passages 
was based upon curve AA , figure 22, Considering the single 
corrugation at station 335, 

p _ w 4.1 

~ T77"~ — r = "ZTTTr i " — = 1.49 pounds per second, 



3600 A 3600 x 0.000765 square f 



et 
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•The hydraulic radius of the air passage' (see corrugation 
dethi'l in fig. 3) is equal to 0.0043 foot. With the -.value 
'of ' M> " from' figure 21 , . 

• H _ G D 0 = 1.49 x 4 X 0.0043, x 10 s _ 1?10 
From curve AA , figure 22, for Re = 1710, p 

■ - • k - 

From figure- 21, k = 0.0162, and therefore', t> 

h 0 _. = Q'»Q162 _ 7<3 3tu hour", 

2 * 4' x 0.0043 square f.eet , °? 

The a-v.erago, temperature of the air in To^ion 2-, assuming 
t x =, 300° B\ * ■ ,., :r 

. \ ' ^ "' : 118 • . o ^ • x 

t 3 , = 3G0 - = 241 F • s 

• • . ... 3 av T • 

The quantity of he^t.flow to the skin then "becomes 

q P _ 6 = fei^ fi x x (t 2 - '-.t 6 ) 
• 2 " 6 36 12 av 6 

= 7.3 x x 141 

C; ' ■ i ' - • . • 12 • 

= 210 Btu per hour 

This value of q 2 - 6 is in satisfactory agreement with the 

value of n 6 -7 equal to 237 Btu per hour determined in 

step 9. The thermal design for the wing in"bcard panel and 
the empennage 'was made in a manner similar. tc that used 
for the otjthoard-panel design, and- the results are shown 
in figures -20 and 23 . 

In th(j case of- the B-24D /} airplane windshield, suffi- 
cient data were not available to determine the heat- 
transfer coefficient from the outer surface. Steps 2, 3, 
and 4 of the design procedure were replaced "by the assump- 
tion that a heat flow from the outer surface of 1000 Btu 
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per hour, square feet would be sufficient to provide ice 
protection. (See p, 8, reference 1.) Further necessary 
nsfumptions were the temperature of the windshield outer 
panel, assumed to he 50° and the temperature of the air 
entering the gap between the panels, assumed to he 150° F . 
The design was. then completed by assuming different quan- 
tities of air flow and values of gap si.ze until a combina- 
tion was found which would produce the required outer- 
panel heating. The results of the windshield analysis are 
shown in figure 20. The desired temperature rise for the 
critical surfaces having been established, the pressure 
drep in the air passages «nd the design of the heated air- 
supply ducts to obtain the necessary weight of flow distri- 
bution are examined. Unless an air pump of some sort is 
incorporated in the thermal anti-icing system, the circu- 
lation of the heated air is dependent upon the total en- 
ergy of the air at the heat-exchanger inlet. Secondary 
factors which may be considered to aid the propulsion of 
the air through the system are the addition of energy to 
the air in passing through the heat exchanger and the lo- 
cation of the air outlet at a point of low pressure. For 
the B-24D thecal i ce-pro vent i on system, the energy effect 
in the heat exchanger was neglected and * pressure drop of 
5 inches of water, or approximately one^half the value of 
the dynamic pressure for the design indicated speed of 150 
miles per hour, was assigned to the h&at exchangers. In. 
order to obtain the weight distribution of air desired in 
the surface-heating calculations, the -pressure drop must 
be equal ftlong all heated air paths, £ro& the hoat-- 
oxchangor outlet to the air exit from the wing. The gen- 
eral design p>C£££durc is to calculate the pressure drop 
required in the various air passages and then design the 
supply ducts to produce equal pressure drop in all of the 
possible nir paths. 

The pressure drop in the heated air passages and the 
supply, ducts was calculated by the equation 



2 



• P, - P 2 = ~ (V * - + f *v 'av 

S 2 gm 

(equation (35), p. 130, reference 5), where the subscripts 
l n.nd 2 represent the extent of region over which the 
pressure drop is calculated. The first term ef equation 
(6) was found to be negligible in this case ,nnd there- 
fore dropped from the equation. Data from which the fric- 
tion factor f^ y may be obtained are presented in figure 



v, 
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34, which is a reproduction of figure 8, reference 6. The 
curve in figure 24 refers to flow in circular ..pipes > and 
the data plotted in the figure were obtained in model, 
tests with air flow in a narrow gap "between parallel sur- 
faces.. Figure 24 was employed in the analysis in the same 
manne.r- as figure 22; that is, the curve for circular pipoe 
was used when determining f for the- c or rugat od air pas- 
sages and supply ducts, and the plotted data were used 
when determining f for air flow in the empennage *nd 
windshield gaps . 

Considering a single corrugation air passage at sta- 
tion .335, outer wing panel, 

v -•££.•- 53 ' 3 X 70 1 X 2 f 35.4 cubic feet per pound 
av p 2116 

The static pressure at 18,000 feet was used in calcu- 
lating the specific volume. 



He 



G D e 1.49 x 4 x 0.0043 x 1Q 5 = 171Q 
M» 1.5 



f „ = 0.0094 (from curve in fig. 24) 



n = - = 1.22 feet 
2 



w 



4 * ^ = 1.49 pounds per second, 



3600 A 3600 x 0.000765 square feet 

= 0.0043 foot 
Pressure drop from region 1 to region 3, 



m 



f NO 2 v 0.0094 x 1.22 x 1.49 2 x 35.4 

p p av av _ i — 

1 3 2gm 2x32. 2 x 0.0043 

P - P = 3.3 pounds per or 0.6 inch *f Otfate**. 
square foot 



Extension of the pressure-drop calculations to other cor- 
rugation air passages in the wing outer panel indicated 
that the pressure drop from region 1 to region "3 was sub- 
stantially constant for the entire panel. (See sec. AA, 
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fig. 20.) In order to produce the desired distribution of 
the heated air, therefore, the pressure drop from the out- 
board heat- exchanger outlet to any point in region 1 had 
to he constant. The spanwise pressure drop along region 1 
was found to he too large if all of the heated air were 
admitted to the region at station 335, hence the air was 
supplied in four tubes as shown in figure 2. The pressure 
drop through the corrugation passages in the inboard-panel 
leading edge was calculated to be 5 inches of water as 
shown in section BB, figure 20. This large drop was con- 
sidered allowable because of the location of the heated- 
air-exit holes in a low-pressure region* For the empen- 
nage group (fig. 23) the fin heated-air gap was designed 
larger than the stabilizer gap in order to approximately 
compensate for the pressure drop in the stabilizer leading- 
edge supply duct. 



Instrumentation of the 3-2^D Airplane for Tests 

Thermocouples, pressure orifices, and venturi meters 
were included in the design of a portion of the B-2^D 
airplane thermal ice-prevention eouipment in order to 
measure the performance of the installation in flight 
tests. The following factors were considered to be of in- 
t er est : 

!• Quantity of air flow through the heat exchang- 
ers and various parts of the equipment, 

2. Temperature of the heated air throughout the sys- 

tem, 

3. Temperatures of heated surfaces, namely, wing and 

empennage outer surfaces, parts of the internal 
structure, windshield panels, and heat- exchanger 
surf ac es . 

4. Temperature of the exhaust gas. 

5e Static and total pressure at the heat- exchanger 
inlets, and static pressure of the heated air 
throughout the systemo 

Sm Exhaust-gas static-pressure drop through the heat 
exchanger . 



The quantity of air flow was determined by the use of 
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venturi meters. Four such meters were .installed, as shown 
in figure 2: one ,in the 5-inch supply Oii lie ftpm the right 
outboard heat exchanger, one in the 3-lrich inboard-panel 
supply line from the. right inboard heat exchanger, one in 
the 2-inch supply duct to the copilot I s. windshield, and 
one in the 6-inch supply duct to the empennage (located 
aft of the junction of the ducts from the Inboard heat ex- 
changers). The ratio of the throat diameter to pipe diam- 
eter for the venturi meters was 0 c y. 

All temperature readings were obtained with iron- 
constantan thermocouples and a Lewis potentiometer.. The 
identification drawing for the thermocouples is shown in 
figure 25'e The dash numbers following the thermocouple 
numbers in figure 25 refer to the type of "thermocouple 
mounting, as detailed in figure. 26. ■ .The Plexiglas shield 
for type 5, figure. 26, was required because the thermo- 
couple junction otherwise would move away from the outer 
skin and protrude into the ambient air stream. Two thermo- 
couples were located in the intake scoop of the right 
inboard heat exchanger. 

The locations of t he. , p r es s ur e-measur ement p o i nt s are 
shown in figure 27. All measurements were of static 
pressures, with the one exception of the total pressure in 
the intake scoop of the right inboard heat 'exchanger. 
Three 1 0 1 a.l-$r es sur e heads and two static-pressure heads 
were distributed across the exchanger inlet because pre- 
liminary flight tests revealed a variation in total head 
in that region at . low angles of attack. The dash numbers 
following the pressure-orifice numbers in figure 27 refer 
to the type of orifice mounting, as. shown in figure 28. 

All pressures, with the exception of the exhaust-gas 
pressures, were referred to the total pressure from the 
pitot-static airspeed heads ■ located at the. nose of the 
airplane, The pressure differentials were indicated by 
water manometers and airspeed indicators. The absolute 
values of the two exhaust-gas pressures were indicated by 
a manifold pressure gage. A "calibration of the difference 
between therstatic pressure at the airplane airspeed heads 
and free-stream static pressure was obtained by suspending 
a trailing static head from the airplane*. The static cal- 
ibration of the airspeed heads provided a basis for refer- 
ring the test pressures to free-stream static pressure 
and for determining the correct indicated airspeed of the 
airplane ^ 
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PRELIMINARY FLIGHT- TESTS - RESULTS AND -DISCUSSION 



Preliminary flights have been conducted with the B-?Hd 
airplane to test the performance of the thermal ice- 
prevention equipment. Supplying a quantity of heat to the 
wing outer panel equal to approximately 65 percent of the 
design quantity produced a temperature rise of the skin for- 
ward of the front spar slightly in excess of the design 
value. Indications are that the remainder of the thermal 
ice-prevention design will "be equally satisfactory when heat 
quantities approximating the design values are supplied from 
all four heat exchangers. Data on the performance tests of 
the complete installation will he presented as a supplemen- 
tary report later. 

Weight of Equipment 

Calculations have "been made to estimate the increase 
in weight of a B~2h airplane result ing from the installa- 
tion of a production modification of-the subject thermal 
ice-prevention system. A study of a production design 
Was considered more desirable than a presentation of the 
weights of the B~2^-D airplane installation because that 
installation is an exper i-nental revision to an existing 
airplane and the weight factor was not given the consider- 
ation 15 hat it would receive in a production design* The 
calculations indicated that the weight of a airplane 
(not equipped for ice protection) would be increased about 
3OO pounds by the installation of thermal ice-prevention 
equipment. Attention is called to t he fact that the figure 
of J>00 pounds is subject to revision on the basis of main- 
tenance and durability requirements as determined by the 
manufacturer's experience: The 300-pound weight of the 
present equipment compares with the 230-pound weight of 
the inflatable de-icer equipment that it replaces. The 
latter does not include windshield de-icing, however. 



CCUCLU.SIOKS 



1. Thermal ice-prevention equipment for the B-2^D 
airplane wings, empennage, and windshield la structurally 
f easible 0 



2« The thermal ice-prevention enuipment installation 
will probably satisfy all design r equi r ement s e 



19 



3. A modified production installation of the thernal 
ico-prcvontion system would Increase tho weight of a B~24 
airplane (not equipped for ice protection) about 300 pounds. 



Amo 8 Aer onaut i c^> 1 Lahorat or y , 

National Advisory Committee f 0 r Aeronautical 
Moffott Field, Calif. 
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Figure 1.- The B-24D airplane in which thermal ice-prevention equipment on the wings, 
empennage, and windshields have been installed. 
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Figure 2." The installation 
of thermal ice- 
prevention equipment in the 
B-34D airplane* 
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Figure 3.- The wing outer panel leading-edge 

design for the thermal ice-preven- 
tion equipment on the B-24D airplay. 
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Figure 4.- 
Details of 
the wing 
outer panel 
leading 
edge of the 
B-24D air- 
plane during 
alteration 
for the 
thermal ice- 
prevention 
equipment . 
Shown are 
the air gap 
at the lead- 
ing edge, 
nose rib 
construction, 
and the baffle 
support angles, 



Figure 5.- 
The right 
wing outer 
panel lead- 
ing edge 
for the B-24D 
airplane 
after the 
alterations 
were 

completed 
for the in- 
stallation 
of the 

thermal ice- 
prevention 
equipment . 
The photo- 
graph shows 
the heated- 
air supply 
inlet holes 
through the 
baffle plate. 
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Figure 6.- The heat- 
ed wing 
tips of the B-24D 
airplane showing 
the double skin 
leading edge details. 
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Figure 7.- The wing inboard panel leading edge 
design for the thermal ice-prevention equip- 
ment on the B-24D airplane. 
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Figs. 8,10 
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Figure 8.- The left wing inboard panel leading edge of the 
B-24D airplane shown during the installation of 
the thermal ice-prevention equipment. 
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Figure 10.- The horizontal stabilizer of the B-24D airplane 
during the installation of thermal ice-preven- 
tion equipment, showing the lightening holes in the nose ribs 
through which the heated-air duct was installed. The stabil- 
izer is viewed from above in this photograph. 
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Figs. 11,13 
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Figure 11.- The inboard side of the right vertical fin of the 

B-24D airplane during the installation of the 
thermal ice-prevention equipment, showing the plenum chamber 
and air ducts running to the top and bottom of the fin. 




Figure 12.- The empennage group of the B-24D airplane in 
which provision has been made for thermal ice 

prevention. 



Figure 13. - The double pane air-heated 

windshield installation for 
the pilots' and copilots' windshields of 
the B-34D airplane. The inner panel is 
readily removable by the pilots in 
flight. 
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Figs. 14,15 




Figure 14.- The pilots air-heated windshield on the B-24D 
airplane, showing the inner panel partially 

removed . 




Figure 15.- The pilots air-heated windshield on the B-24D 
airplane, with the inner panel secured in 

position. 
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Figs. 16,17,18 
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Figure 17.- The exhaust-air heat ex- 
changer installation on 
the B-24D airplane in the right out- 
board nacelle. 



Figure 16.- A section of the B-24D airplane exhaust gas tail- 
stack wnich has been converted to a fin-type surface 
heat exchanger for use with the thermal ice-prevention equipment. 



Figure 18.- 
The heated-air 
dump valve for 
the right out- 
board exchanger 
on the B-24D 
airplane. The 
position of the 
electric motor- 
operated valve 
determines 
whether or not 
the heated air 
enters the 
thermal ice- 
prevention 
equipment . 
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Figure 19.- Curves showing the distance around the leading edge from top 

to bottom of front spar, and the heat transfer coefficent, 
for the leading edge of the wing surface on the B-24D airplane. 
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Figure 20*- The results of 7 

the analysis 
of the thermal ice-preven 
tion equipment , showing 
the distribution of the 
heat v ed air in the wings 
and windshield in the 
B-24D airplane* 



09 



CO 
O 




0 200 400 600 800 1000 1 200 

Temperature, °P 



Figure 21.- The physical properties of air as employed in the analysis of the thermal ice- 
prevention equipment. 
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Figure 23.- The results of the analysis of the thermal ice-prevention 

equipment, showing the distribution of the heated air in 
the empennage in the B-24D airplane • 
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Laminar flow in pipes 
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Figure P4.- The relation between the friction factor and Reynolds number for flow of air in pipes, 

(D e = diameter, ft)J and in narrow gaps "between parallel surfaces, (D e = gap width, ft) 
Takien from figure 8, reference 6. 
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Figure 25.- The thermocouples which were installed on the B-24D airplane 
and which were employed in studying the thermal qualities of 
the ice-prevention equipment. 
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figure 26.- Thermocouple installation details employed in the B-24D airplane thermal ice-pre- * 



vent ion equipments 
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Fig, 27 




Figure 27.- The pressure orifices which were installed on the 3-24D air- 
plane and which were employed in studying the thermal quali- 
ties of the ice-prevention equipment. 
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Figure 28.- Pressure orifice details employed 
in the B-24D airplane thermal ice-prevention 
equipment. 




